Selfconsistent Hartree-Fock-Bogoliubov (HFB) calculations have been performed with the Gogny force for nuclei along several constant Z and constant N chains, with the purpose of extracting the macroscopic part of the binding energy using the Strutinsky prescription. The macroscopic energy obtained in this way is compared to current liquid drop formulas. The evolution of the single particle levels derived from the HFB calculations along the constant Z and constant N chains and the variations of the different kinds of nuclear radii are also analysed. Those radii are shown to follow isospin-dependent three parameter laws close to the phenomenological formulas which reproduce experimental data.
I. INTRODUCTION
Microscopic calculations using the effective nucleon-nucleon interaction proposed by Gogny have been shown to reproduce in very satisfactory way a variety of nuclear properties over a wide range of proton and neutron numbers [1] . For instance, binding energies, separation energies of one or two nucleons and charge and neutron mean square radii usually agree quite well with known experimental data. In view of this, it seems appropriate to use theoretical results obtained in such a framework to derive systematics of nuclear properties that could be useful for making predictions concerning nuclear species or aspects of nuclear structure no yet known as neutron distribution radii or binding energies of superheavy nuclei.
In the present work, simple formulas are used in order to represent the binding energies and the charge, proton and neutron root-mean-square (r.m.s.) radii obtained in HFB calculations with the Gogny force, and they are compared with existing phenomenological formulas. Our aim is to determine simple but realistic enough parametrizations that would avoid performing time-consuming microscopic calculations when only rough estimates of the binding energies or radii are needed. Some preliminary results have already been published in [3, 4] , for a smaller number of nuclei however.
Section II presents a short overview of the theoretical models used in this work. Section III explains how the basis parameters employed in the self-consistent calculations have been determined. In Section IV, the results concerning the single particle levels schemes of representative isotonic and isotopic chains are analysed. Section V gives the method used to substract the neutron and proton shell and pairing corrections from the HFB energy.
The "macroscopic Gogny energy" obtained in this way is then parametrized by means of a liquid-drop like formula [5] . In Section VI, systematics of the mass, charge, proton and neutron radii and of the ratios of proton to neutron radii are presented. Simple isospinand mass number-dependent parametrizations of these quantities are determined, which appear in excellent agreement with those derived using the relativistic mean field method [6] .
The formula obtained for the deformation-independent ratios of proton to neutron r.m.s. radii is especially useful, since it should be valid for all even-even nuclei, either spherical or deformed. Conclusions and perspectives for further work are gathered at the end of the paper.
II. THEORY
The Gogny density-dependent effective nucleon-nucleon force is of the following form [1] :
(2.1)
which represents a central finite range interaction, a zero-range spin-orbit term and a zerorange density dependent interaction, respectively, to which one has to add the Coulomb interaction in the case of protons. The central interaction is made up of two distinct gaussians with ranges µ 1 and µ 2 whose values are given below.P σ andP τ denote the spin and isospin exchange operators respectively, and ρ represents the total density.
We use the Gogny D1S [2] interaction the parameters of which are given below: 
The corresponding ground state energy E HF includes a contribution E shell from shell effects which can be evaluated by applying the Strutinsky smearing procedure [7] to the HF singleparticle level distribution. The remaining part of E HF can be considered as a macroscopic, liquid-drop like contributionẼ. Denoting by e ν the HF proton or neutron single-particle energies, the Strutinsky shell correction energy E shell is:
whereẼ is the smoothed energyẼ
With the Strutinsky prescription, the smoothed densityρ is given bȳ
where λ is the Fermi energy, f the Strutinsky (6 th order) curvature correction polynomial and γ the width over which smoothing of the single particle level scheme is performed. The reliability of this procedure requires that E shell displays a plateau when drawn as a function of γ, separately for protons and neutrons. A crucial parameter in this respect is the number of single particle levels taken into account in the evaluation of the shell correction. This problem will be discussed in Section V.
Subtracting from the Hartree-Fock energy the shell correction energies of neutrons E n shell and of protons E p shell , one gets the following estimate of the macroscopic part of the binding energy:
Another correction to the macroscopic part of the binding energy is the contribution E pair of pairing correlations. This correction has been calculated for each nucleus by taking the difference between the energy E HF B obtained in a full HFB calculation with the Gogny force and the energy E HF computed using the simple HF method:
The obtained r.m.s. radii of the neutron, proton, charge and mass density distributions are obtained in the microscopic HFB calculations in the usual way. In deformed nuclei, these different radii contain the effect of the quadrupole and other deformations [8] . However, the ratios of proton to neutron radii are almost deformation-independent since the proton and neutron density distributions are very similarly deformed.
Starting from the HFB mean square radii r 2 , equivalent spherical liquid-drop radii R can be defined through the expression:
which follows from the formula giving the mean square radius of a uniform spherical density distribution of radius R:
These equivalent radii have then been fitted to a three parameter formula, with explicit isospin and A dependence
similar to the formula used in Ref. [9] in the analysis of the radii obtained from relativistic mean field calculations. As the ratios of the proton and neutron r.m.s. radii are almost deformation independent, they could be well approximated by the following formula depending only on the numbers of protons and neutrons:
can be useful for estimating the neutron radius of a nucleus when its r.m.s. charge radius r ch = r 2 ch is known:
III. PARAMETERS OF THE CALCULATION
The nuclei studied in the present work are represented by crosses and dots in the (N,Z) plot of Fig. 1 . These are the nuclei close to magic proton and neutron numbers and along the β-stability line whose ground states are expected to be spherical [10] . They include Ca, Sr, Sn, Sm, Pb and Th isotopes, the N=50, 82 and 126 isotone chains between the proton and neutron drip lines and a few β-stable spherical nuclei between A = 38 and A = 218.
In the microscopic HF and HFB calculations, the self-consistent equations have been solved in matrix form by expanding the single particle or quasiparticle states on finite bases made of spherical harmonic oscillator (HO) eigenfunctions. These bases depend on two parameters: the number N o of major HO shells included in the bases and the oscillator parameterhω.
In the present study, bases with N o =12, 14, 16 or 18 major shells have been taken into account, depending on the nucleus under study, the criterium being that N o is large enough to ensure convergence of the HFB energy (E HFB ) within a few keV. 
can be adopted for all even-even nuclei, with n and k depending on the number N o of shells included in the bases. In the present work, all the obtained values ofhω min could be fitted
with the values n=64.05 MeV and k=-0.46. A even more accurate interpolation formula,
represented by the solid curve in Fig. 2 , has been obtained for the specific set of nuclei for which N o =14 is found to be a sufficiently large number:
This formula gives a better agreement to calculatedhω min for the Ca up to the Pb isotopes and for the N=126 isotones.
IV. SINGLE PARTICLE LEVELS
In order to better visualize the origin of shell effects in the nuclei considered in this work, the Hartree- with respect to the smoothing width γ . In particular, including too many single particle states with positive energies strongly affects the determination of the shell effects associated with occupied orbitals. This is so because single particle states with positive energies are obtained in the present microscopic approach as a discrete set whose energy spectrum and shell structure can strongly depend on the choice of basis parameters.
For this reason, the HF single-particle proton and neutron levels included in the Strutinsky smoothing procedure have been chosen in the following way: For lighter nuclei, a cut off in the single particle energy has been introduced, having the usual value λ + 2hω 0 , with λ the proton or neutron Fermi energy andhω 0 the average spacing between major shells.
The number of single-particle levels taken into account in this way is of the order of 30, with maximum energies 5 MeV for neutrons and 15 MeV for protons above the Fermi level. In heavier nuclei, the number of levels included in the smoothing procedure was increased to 50, which corresponds to a cut-off in the single particle energies of the order of λ + 4hω 0 , i.e.
15 MeV for neutrons and 30MeV for protons. These numbers have been found to provide a satisfactory stabilization of shell corrections in all the nuclei studied in this work.
In order to find a plateau in the variations of the shell correction with respect to the width γ appearing in eq. (2.5), γ has been varied, taking as a scale the average shell spacinḡ
MeV [11] . In fact Strutinsky calculations generally obtain a plateau in the shell correction energy of both protons and neutrons for γ in the vicinity of the traditional value γ = 1.2hω 0 [11] . -where the whole set of presently known nuclear masses and fission barriers is used -than to those of the various formulae derived from liquid drop models [12] .
The fitted macroscopic energy (5.1) and the calculated values E macr are completely superimposed in the three upper plots of Fig. 15 . In order to better appreciate the quality of the fit given by eq. (5.1), the differences E macr − E LD are displayed in the lower part of the figure, using an enlarged energy scale. One observes that these differences do not exceed 3
MeV, which represents less than 0.5 % of the total E HF energy.
VI. RADII
In order to derive systematics for the radii of all the nuclei displayed in It is interesting to observe that the leading coefficient in (6.3) is almost equal to the usual value r 0 = 1.2 fm, although the I and A dependence included in the next terms may lead to significant deviations in the case of light or exotic nuclei.
The above parametrizations appear very close to those derived in [3] by taking into account the Ca, Sr, Sn, Sm and Pb isotopes only, and to those obtained in the analysis of the r.m.s. radii calculated in the framework of the relativistic mean field theory for a set of nuclei similar to the one envisaged here [9] .
Using formula (2.11), the ratios of proton to neutron radii could be fitted with the parametrization:
This parametrization again appears very close to those derived in the studies of Refs. [3, 4, 9] mentioned above.
Let us point out that the parametrization given by formula (6.5), which has been es- Experimental data on proton radii (crosses) have been taken from Ref. [13, 14] and the fits are given by formulae (6.1) and (6.2).
Finally, as already pointed out in Section II, the ratios r p /r n are deformation-independent quantities that can be used to calculate the neutron radii of nuclei whose charged radii are HFB charge radii (dashed lines) compared with experimental data [13] (crosses) and with the fit given by formula (6.4). 
